ABSTRACT Nutrient arteries enter limb bones through discrete foramina on the shafts. They are required for bone remodelling in response to mechanical loading and dynamic forces imposed by locomotion. The cross-sectional area of the nutrient foramen of the femur represents an index of blood flow rate to the shaft and thus provides insight into the animal's level of activity. Morphometric data on femoral length, mass and foramen size from 100 extant bird species and eight extinct moa species were analysed allometrically and phylogenetically. The nutrient foramen blood flow index (Q i ) and femur mass (M f ) increase with body mass (M b ). At 1 kg body mass, cursorial species have approximately 2.1 times higher Q i and 1.9 times heavier M f than volant species. The scaling of Q i on M f is independent of the primary mode of locomotion, but the ratio Q i /M f decreases significantly in larger birds, although absolute Q i increases. The overall avian equation for Q i on M b is not significantly different from previous data from mammals, but when differences in blood pressure are accounted for, estimated blood flow to the femur is approximately 1.9 times higher in cursorial birds than in mammals, possibly in relation to bipedalism and quadrupedalism, respectively. Femoral bone blood flow in both endothermic groups is estimated to be 50-100 times higher than in ectothermic reptiles.
INTRODUCTION
The nutrient foramen is a discrete hole located along the shaft of bones that provides an opening through which the nutrient artery can service the living bone tissue. The nutrient foramen on the shaft of the femur is of particular interest, because its size can be used as a gauge of the maximum aerobic metabolic rate (MMR) of mammals (Seymour et al., 2012) . The functional connection between this tiny anatomical feature and an important physiological trait is locomotion. Locomotion results in micro-damage of bone, which is repaired during bone remodelling that is supported by blood flow. Blood vessel size is adaptively related to flow rate, and consequently the size of the foramen is related to the maximum size of the nutrient artery. This study examines the relationships between locomotion, femur bone size and blood flow through the femoral nutrient foramen of birds. It is hypothesised that birds that put more stress on their bones during locomotion have larger bones and greater blood flow in relation to body size. Such correlations would indicate a dynamic interplay between morphology, physiology and function.
More than a century ago, Wolff recognised the relationship between mechanical loading and bone formation, concluding that exercise increases bone mass, whereas unloading results in bone atrophy (Wolff, 1892) . This was later reinforced by Foote, who showed that the femur is particularly responsive to the functional demands of the animal, including the stresses and strains to which the bone is exposed and the position of the femur relative to the body (Foote, 1911) . Major limb bones, such as the femur, support the weight of an individual's body and must also contend with more acute forces experienced during locomotion.
Bone remodelling functions not only to normalise stresses, but also to repair micro-fractures that are caused by the bending and torsion of bones during locomotion (Burr, 2002) . Remodelling occurs continually by the removal of pre-existing bone and the laying down of new bone, both on the external periosteum and the osteons of the Haversian system inside cortical bone (Parfitt, 1994; Robling et al., 2006) . Haversian remodelling is a stepwise process in which capillary loops burrow through old bone, led by a 'cutting cone' of osteoclasts that dissolve old bone and followed by osteoblasts that replace it. Increased loading or exercise immediately increases the frequency of micro-fractures and stimulates bone remodelling over an extended period (Currey, 2003; Lieberman et al., 2003; Robling et al., 2006) . Therefore, highly active vertebrates are more likely to put a greater range of forces on their bones than sedentary ones, increasing bone size and hence the incidence of micro-fractures that must be repaired. Most of our knowledge concerning bone remodelling comes from experiments on mammals, but we assume that similar mechanisms exist in birds. For example, the furculae of birds show Haversian remodelling, apparently in response to strain-related micro-damage during flight (Ponton et al., 2007) , but there are no studies on remodelling of avian hind-limb bones.
The efficiency of the cutting cone is limited by the supply of nutrients and oxygen delivered by the blood vessels in the bone (Jaworski, 1991) . Bone cells have high respiratory rates (Schirrmacher et al., 1997) , and the interior of bones is highly oxygenated (Bingmann and Wiemann, 2007) . During remodelling, oxygen consumption in bone tissue increases (Sim and Kelly, 1970) , and so an adequate blood supply is required to transport oxygen to the site of remodelling. More active vertebrates would therefore be expected to require a greater blood supply to support remodelling.
The long bones of the limbs have three sources of blood: the nutrient artery, and the periosteal and epiphyseal blood supplies. The nutrient artery is the primary blood source of long bones, providing 50-70% of total blood flow (Trueta, 1963) . The nutrient artery enters the long bone through the nutrient foramen on the shaft (diaphysis). The foramen sets a limit to the maximum size of the vessel and so should reflect the extent of blood flow through it. The size of the blood vessel, and consequently the foramen, is affected by rheological properties of blood in the vessel -stretch and shear stress (Berry, 1978; Birchard, 1997; Ward et al., 2000) . Stretch is related to the radial force exerted on a vessel wall due to the balance between blood pressure and the mechanical properties of the wall. Shear stress is related to the friction between the blood and the vessel wall, which is usually considered proportional to the product of blood viscosity and mean velocity (Lehoux and Tedgui, 2003) . These mechanical forces lead to alterations of vessel circumference and thickness, which promote laminar flow and reduce the work for blood perfusion. Assuming laminar flow, it is possible to estimate an index of flow rate (Q i ) from the radius (r) of the nutrient foramen and the length (L) of the bone, through a simplification of the Hagen-Poiseuille equation for laminar flow: Q i =r 4 /L (Seymour et al., 2012) . Q i is not a flow rate, because blood pressure and viscosity are not represented, the radius is for the foramen, not the artery lumen, both the artery and vein usually pass through the foramen and the length does not represent a uniform tube. Nevertheless Q i is based on principles of laminar flow and is therefore comparable between species.
A previous allometric analysis of femur nutrient artery Q i in relation to body mass in mammals and reptiles revealed that although Q i is approximately 10-fold higher in mammals than in reptiles, the scaling exponents are indistinguishable. Furthermore, when blood pressure differences are taken into account, the estimated perfusion of the interior of the bones of mammals is approximately 50 times higher than that in reptiles (Seymour et al., 2012) . Furthermore, the exponent of Q i in mammals (0.86) is indistinguishable from the exponent (0.87) for exercise-induced MMR in mammals, suggesting that blood flow to the bone increases in proportion to exercise-induced bone damage. The low blood flow into reptilian bones is consistent with the fact that reptiles do not remodel their bones in response to mechanical loading. The earlier study also indicated that blood flow to the femora of dinosaurs was even higher than in mammals, after body size is accounted for allometrically. Birds were not included in that study because of uncertainties associated with additional blood flow through pneumatic foramina and the decoupling of flight locomotion and the leg bones.
Here, we analyse the relationships between locomotion, femur bone size and blood flow through the femoral nutrient foramen of birds. We hypothesise that birds that put greater forces on their leg bones during terrestrial locomotion will have larger bones and greater blood flow in relation to body size. We focus on the femur because it provides a relatively consistent blood flow, it usually has only one foramen and it is involved primarily in terrestrial locomotion (Brookes and Revell, 1998) . We clarify the role of blood flow via the pneumatic foramen and evaluate differences between primarily cursorial and volant species. Our phylogeneticallyinformed allometric study concerns living birds varying in body mass over 3 orders of magnitude (7.5 g-40.6 kg). To increase the mass range further, we include the fossil femora of moa, the extinct giant birds of New Zealand, estimated to weigh up to 157 kg. Finally, we compare our results for birds with mammals, reptiles and dinosaurs.
RESULTS
One hundred species of extant birds and eight species of extinct moa were analysed (see supplementary material Table S1 for raw data). A strong correlation existed between blood flow index (Q i ) and body mass (M b ) in birds ( . ANCOVA showed that the exponent of the bird regression was not significantly different from the mammal (F 1,148 =3.25, P=0.073) and reptile (F 1,124 =3.36, P=0.060) regressions in our previous study (Seymour et al., 2012) . However, the elevations of the bird (F 1,125 =57.73, P<0.001) and mammal (F 1,61 =64.78, P<0.001) regressions were significantly higher than the reptile regression. The Q i of dinosaurs appeared higher than that of birds and mammals, especially the smaller dinosaurs, but there was high variability in the dinosaur data. The Johnson-Neyman test indicated that the regressions for birds and dinosaurs were not significantly different above a body mass of 1688 kg.
The median phylogenetic signal in log 10 -transformed Q i was high (0.84) and non-zero in all phylogenetic generalised least square (pgls) models containing body mass and mode of locomotion ) and dinosaurs (orange squares,
) (Seymour et al., 2012) .
( Table 1 ). In a set of pgls models accounting for the non-independent evolutionary associations among related species, the increasing Q i of extant birds was strongly associated with both increasing body mass and the difference in mode of locomotion ( Fig. 3 ). For example, at a body mass of 1 kg, the calculated M f for cursorial birds was 1.9 times heavier than for volant birds, and Q i was 2.1 times greater. If moa were excluded from the analysis, femur mass remained significantly higher in cursorial species (F 1,90 =15.83, P<0.001), whereas the Q i relationships produced significantly different exponents, yet the cursorial data were significantly higher below a body mass of 431 g, according to the Johnson-Neyman test. If Q i was regressed on femur mass (M f ), the equations were not significantly different for cursorial (Q i =6.31×10 −6 M f 0.82 ) and volant birds (Q i =5.91×10 −6 M f 0.89 ), indicating that Q i depends directly on the amount of bone, rather than the primary mode of locomotion. The relationship for all 108 birds was Q i =5.96×10
, which indicates that Q i decreases significantly in relation to the amount of bone as the birds become larger (Fig. 4) .
DISCUSSION Scaling of avian femur size
It is well established that the musculoskeletal structure of the limbs of birds is strongly correlated with functional lifestyle (Alexander et al., 1981; Bennett, 1996) . Birds fill a diverse array of niches and rely on different modes of locomotion, which impart differential forces on their legs, and these differences can be observed in the architecture of the bone (Doube et al., 2012) . Therefore, cursorial species might be expected to have relatively heavier bones than volant species, an outcome that would normalise the strain. The parallel scaling of femur mass supports this hypothesis, with the femora of cursorial species approximately twice as heavy as those from volant species (Fig. 2) . Primarily volant birds put comparatively little pressure on their leg bones, except during take-off and landing. When not flying, the hindlimb bones adapt mainly to weightbearing. Natural selection on flight energetics may favour loss of hind-limb mass at the risk of reducing the safety margin for catastrophic failure. Consequently, volant birds have lighter femora in response to an extreme reduction in hind-limb loading (Habib and Ruff, 2008) . Primarily cursorial birds are terrestrial organisms and so their bones are built strong enough to support their weight and withstand mechanical stresses during locomotion (McMahon, 1973) . Cursorial birds are usually on their feet and, unlike volant birds that can take flight at the sight of danger, cursors must flee on foot. To escape predation, flightless birds must be agile and have a great capacity to run. Cursorial femora must be sufficiently large and robust to resist the bending, torsion and compression stresses associated with fast terrestrial locomotion. Results are summarised for 1000 phylogenetic trees (see Materials and methods). The highest ranked model, on all occasions, was a full model that included both body mass and locomotion mode, as well as their interaction. The count of the model rank is the number of times (out of 1000) that the particular model obtained the observed rank. The model estimates are provided for the terms from this highest ranked model. Values for the relative model weight, Pagel's λ, and model estimates (pgls slopes) are medians from pgls models across 1000 trees, including 95th percentile ranges.
g 0.001
Body mass ). Statistics as in Fig. 1 .
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Scaling of femur perfusion
The allometric equation from 108 species of extant and extinct birds showed that the femoral blood flow index Q i increases with body mass, M b , with an exponent of 1.00, indicating a direct proportionality (Fig. 1) . However, when the species are divided into groups on the basis of the primary mode of locomotion, the exponent appears an artefact of an uneven distribution of locomotory modes among the species, with primarily volant species being smaller than primarily cursorial ones. When the locomotor modes were analysed separately, there was no significant difference in exponents, but cursorial species had significantly higher Q i (Fig. 3) . A higher Q i at a given body mass in cursorial birds is consistent with larger bones and possibly a higher frequency of micro-fractures that require repair. When Q i was related to femur mass M f , the difference between cursorial and volant birds was lost, and Q i is related to the amount of bone rather than mode of locomotion (Fig. 4) . The exponent of Q i on M f for all birds (0.87) is significantly less than 1.0, indicating that Q i is not directly proportional to bone mass. This suggests that the mass-specific frequency of microfractures decreases in birds with larger femora, but the absolute frequency increases.
The scaling exponent of Q i on M b in cursorial birds (0.89) is similar to the exponent in mammals (0.86), which is indistinguishable from the exponent for MMR during terrestrial locomotion in mammals (Ellerby et al., 2003; Seymour et al., 2012) . Unfortunately, most attempts to determine the scaling of MMR in birds have involved measures made during flight or cold exposure, which are unrelated to terrestrial locomotion (Bishop, 1999; Hinds et al., 1993; Norberg, 1996; Wiersma et al., 2007) . Therefore, the scaling exponents from these avian studies (between 0.62 and 0.80) are not comparable. Studies of MMR during treadmill exercise in brush turkeys Alectura lathami during ontogeny reveal an exponent of 1.07 (Seymour et al., 2008) , but this is also not comparable to our interspecific study on adults. Therefore, we collected data on the highest rates of oxygen consumption (V O2 , ml min −1 ) that had been measured during treadmill exercise in birds weighing 1.1-103 kg. The MMR during treadmill exercise scales according to the allometric equation, V O2 =81M b 1.02±0.22 (r 2 =0.95) (Fig. 5) . The birds include domestic fowl Gallus gallus var. domesticus (Brackenbury and Avery, 1980; Brackenbury et al., 1981) , red jungle fowl Gallus gallus (Hammond et al., 2000) , helmeted guineafowl Numida meleagris (Ellerby et al., 2003) , malleefowl Leipoa ocellata (Weathers et al., 1993) , brush turkey Alectura lathami (Seymour et al., 2008) , rhea Rhea americana (Bundle et al., 1999) and ostrich Struthio camelus (Fedak and Seeherman, 1979) . The exponent for Q i in cursorial birds (0.89) is not significantly different from this exponent for MMR in cursorial species running on a treadmill, which is similar to the results for mammals. 
Moa
The data for femur mass in moa fell around the extrapolated line for living cursorial birds (Fig. 2) . To some extent this is an expected result, because body mass is calculated from bone length and circumference. The body mass may be overestimated in Pachyornis elephantopus, a moa with such grossly heavy legs that Alexander (Alexander, 1983) proposed that their skeleton might have resulted from a lack of selection for locomotory efficiency in a largely sedentary bird without predators. That idea finds support if femur mass and Q i are compared among moa. Although P. elephantopus has the largest femur mass, its Q i value is approximately the same as in Emeus crassus, which has a femur less than half the mass, suggesting that P. elephantopus did not have much demand for femur repair. A striking feature of the data from moa is the order of magnitude differences in Q i between the eight moa species (Fig. 1) . The two lowest Q i points are from Dinornis struthoides and Dinornis robustus, species with relatively long and thin legs (Alexander, 1983) . Such great structural differences among moa may relate to the habitats that they occupied. Moa were browsers, consuming herbs and low shrubs (Wood et al., 2008; Worthy and Scofield, 2012) . A potential explanation for the large difference in Q i is that Dinornis may have occupied open habitat, whereas other moa foraged in closed forests (Bunce et al., 2009) . We speculate that dodging and weaving through dense vegetation places stresses on the femur that result in heavier legs and higher bone perfusion than moving in the open.
Comparison with mammals, reptiles and dinosaurs
Our analysis reveals that the size of the femur nutrient foramen of birds increases with body mass in a pattern similar to that of mammals. Under the assumption that the maximum blood flow rate through the foramina is proportional to Q i , then the avian data are not significantly different from the mammalian data (Fig. 1) . However, the estimation of Q i is based on morphological features only, and birds and mammals differ in one important physiological trait that influences blood flow -blood pressure. The mean systemic arterial blood pressure is approximately 135 mmHg in a 1 kg bird and 91 mmHg in a 1 kg mammal (Seymour and Blaylock, 2000) . If we multiply together the allometric equations for Q i and the mean blood pressure, the estimated femur blood flow in cursorial birds scales with body mass to the 0.90 power, and mammals to the 0.91 power, but the elevation is 1.9 times higher in birds than it is in mammals at 1 kg. In addition, more blood enters the pneumatic foramen in some species. Part of this difference could be explained by birds being bipedal, supporting their weight on two limbs as opposed to four in quadrupedal mammals. Mammalian posture also changes as body size increases, from crouched to upright, and becomes more affected by bending and compression stresses (Bertram and Biewener, 1990) . In contrast, avian femora are held almost horizontally, which makes them more susceptible to torsion (Carrano and Biewener, 1999) . The architecture and microstructure in the avian femur must be adapted to withstand these torsional stresses, and probably as a result, avian femora are short and robust, providing structures that resist torsion to a much greater extent than the long, slim tibiotarsus (Gatesy, 1991) .
Our previous study showed that Q i is approximately 10-fold higher in mammals than in reptiles and, given differences in blood pressure and O 2 carrying capacity, bone oxygenation is approximately 50 times higher (Seymour et al., 2012) . Because the actual blood flow to the avian femur is estimated to be approximately twice that for mammals, the oxygen flux approaches 100 times higher in birds than in reptiles. The difference is attributed to the fact that, except in varanid lizards, reptiles generally do not remodel their bones in response to loading and exercise. The limb bone safety factor for reptiles is twice as high as those calculated for mammals and birds (Blob and Biewener, 1999) . Because reptiles have such high safety factors, and because they spend relatively little time undertaking strenuous exercise, their bones rarely succumb to damage and so would not require as much blood flow for remodelling and repair.
The data for Q i in extant and extinct birds sets a trajectory that can be extrapolated to the body mass of dinosaurs (Fig. 1) . The avian regression becomes insignificantly different from dinosaurs at body masses greater than approximately 1.7 tonnes. It is clear that the data from dinosaurs are presently sparse and variable, and that, with the limited statistical power, the exponent is not different from zero. More data from dinosaurs are required to confirm the high Q i values of the smaller species and to test whether the dinosaur pattern is indeed different from the pattern observed in living and extinct birds.
Limitations in the use of Q i for birds
The present study is the first to relate foreman size to metabolic rate and locomotory mode in birds. Our inductive approach provides hypotheses that reasonably describe the relationships observed in the data. However, further research is required to underpin the functional relationships between locomotion, bone remodelling and bone perfusion. The introduction considers some general limitations . Statistics as in Fig. 1 . Sources of the data are given in the text.
associated with the use of Q i as an index of blood flow rate, but there are two other specific aspects of avian life history that should be considered.
One of the important functions of bone perfusion that separates birds and mammals is the production of calcareous eggs in birds (Dacke et al., 1993) . Bone is the major calcium store in the body, and egg production requires mobilization of those stores. Foramen size may be influenced by this requirement in females that lay down and resorb medullary bone with each reproductive cycle. If so, some of the variability in our data may be a gender effect. Unfortunately, our study could not identify males and females, because the gender of museum specimens was rarely indicated. Further work on a few species could clarify the issue. If there are significant differences between the foramina of males and females, then foramina size could potentially be used as a gender indicator for extinct species such as the moa.
The pneumatic foramen in the long bones of birds is large, and the airways are accompanied by a pneumatic artery (Beaumont, 1968) , which raises the possibility that the pneumatic artery could supply the long bone with a significant amount of blood. During ontogeny, the pneumatic artery sends blood to the metaphyseal and epiphyseal growth cartilages, but once pneumatic invasion of the bone has ceased, the pneumatic artery becomes restricted to the top one-third of the bone. Thus it is likely that the nutrient artery remains the primary source of blood for remodelling and repair in pneumatised femora (Beaumont, 1968) . Furthermore, a study of 24 avian species revealed that, although 70% of humeri were pneumatised, only 39% of femora were pneumatised (Cubo and Casinos, 2000) . Future studies could better test the influence of pneumatisation on nutrient foramina by comparing birds that are known to have pneumatised bones to those that do not undergo pneumatisation, such as the Charadriiformes (Cubo and Casinos, 2000) .
Conclusion
Our study provides evidence of a functional relationship between the size of the nutrient foramen on the femoral shaft and the locomotor activity of birds. The scaling exponent of the blood flow index on body mass is similar in birds and mammals, and is parallel to the relation between MMR during terrestrial locomotion and body mass. The elevations for the two endothermic groups overlap, but when the higher blood pressure in birds is considered, the femora of bipedal birds are potentially perfused at approximately twice the rate of the femora of quadrupedal mammals, presumably in relation to the extent of bone remodelling after exercise. The internal shafts of reptile femora receive approximately 2 orders of magnitude less blood than do bird femora, as most reptiles do not remodel their long bones with exercise.
MATERIALS AND METHODS
Morphometric data were obtained from museum specimens of 100 extant bird species (268 individuals) and eight extinct New Zealand moa species (55 individuals). Femur maximum length, mass and volume (by displacement of glass beads or rice in a cylinder) were determined, and the area of the nutrient foramen was measured from digital photographs of known scale, according to previous methods (Seymour et al., 2012) . To minimise measurement error due to the nutrient artery's oblique angle of entry into the bone, the femur was angled so that the foramen appeared as circular as possible. The left and right femora were measured for each individual, and where possible replicate measurements for each species were taken. Each datum for a species is a grand mean that represents one femur. Only adult bones were measured to circumvent error due to ontogenetic changes in blood supply via bone growth and haematopoiesis that occur, as has been demonstrated in rats (Brookes, 1967) . Sexual dimorphism is present in many avian species, so both males and females were measured when possible. Data on adult body mass and mode of locomotion were taken from literature on extant birds (del Hoyo et al., 1992; Higgins et al., 2006;  http://www.parrots.org/). Body mass for moa was calculated as the mean of three allometric equations based on femur length (Prange et al., 1979) and circumference (Campbell and Marcus, 1992; Dickison, 2007) .
Birds were classified as primarily volant or cursorial based on their descriptions in the Handbook of Australian, New Zealand and Antarctic Birds, known as HANZAB (Higgins et al., 2006) . Species that could not be conclusively categorised were excluded from the locomotion analyses. Measured femur variables (Y) were analysed allometrically in relation to body mass (M b ) to produce power equations of the form Y=aM b b , where a is the elevation and b is the exponent. Ordinary least square regressions were performed on log 10 -transformed data and 95% confidence intervals for the regression means were obtained. Regressions for birds were compared with mammals, reptiles and dinosaurs from our previous study (Seymour et al., 2012) using ANCOVA (Zar, 1998) and, if the exponents differed, the Johnson-Neyman technique identified the body mass range over which the regressions differed (White, 2003) .
Avian phylogenetic trees were constructed online (birdtree.org) based on data from the complete avian phylogeny of Jetz et al. (Jetz et al., 2012) and using the primary backbone tree of Hackett et al. (Hackett et al., 2008) . One thousand trees were constructed, and pgls models were conducted using the package 'caper' (Orme et al., 2011) in the statistical software program R (R Software, version 2.12.0, Vienna, Austria, http://www.R-project.org). Five phylogenetic models were compared in which log 10 Q i was the response variable and the model set included all combinations of the following explanatory variables: log 10 body mass, locomotion (flying or cursorial) and the interaction of log 10 body mass and locomotion. The Akaike information criterion corrected for small sample sizes (AICc) and was used to assess the best relative model (Burnham and Anderson, 2002) . The phylogenetic signal was measured using Pagel's λ (Pagel, 1999) . This value indicates the strength of the phylogenetic relationship, where λ lies between 0 and 1. If λ lies near 0, it indicates phylogenetic independence and values near 1 indicate that the variable is related to evolutionary history (Freckleton et al., 2002) .
